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δ (1, 2). A similar observation was made by Saylak et al., who 
indicated the occurrence of a direct relation between the values 
of the elastic component and the degree of cross linking of the 
material that gave the material its elastic characteristics (3). On 
the basis of such an approach, the values of the viscous compo-
nent emphasized changes in the material chain structure, while the 
change in magnitude of the phase angle indicated the type of mech-
anism involved. As a result, δ represented a convenient parameter 
to use to monitor the binder polymeric structure. Bahia and Davies 
calculated the increase in viscosity of CRM binders through an 
examination of the theories commonly used for particulate-filled 
composite materials. They concluded that these theories under-
estimated the increase in binder viscosity by a large margin. They 
claimed that the increase in binder viscosity could not be accounted 
for by the existence of the rubber swelling particles only (4). This 
claim indicates that some type of interaction phenomenon exists 
that changes the nature of the liquid phase while it increases the 
effective  volume of the rubber particles.
Asphalt is a buildup of continuous, three-dimensional associa-
tions of polar molecules dispersed in a fluid of nonpolar or relatively 
low-polarity molecules (5). Associations of various strengths are 
created by the polar functions within asphalt (5). The continuous 
formation and breakage of these associations under the effects of 
external factors, such as shear stresses and temperature variations, 
results in the typical viscoelastic properties for neat asphalts (5). 
The mixing of a polymer with a compatible base asphalt results 
in the absorption of the low molecular weight oil fraction of the 
base asphalt by polymer strands (5, 6). These swollen strands can 
then connect, at domains or nodes, to form a three-dimensional, 
continuous phase network. This network is considered to affect the 
mechanical properties of the binders significantly and ultimately 
the asphalt concrete mixes (5). The effect of the addition of either 
styrene–butadiene–styrene or ethylene–vinyl–acetate polymer on 
the destruction and recovery of the internal network structure of 
polymer-modified asphalt (PMA) was investigated in the litera-
ture (5). Interrupted shear tests were used to detect the existence 
of entangled three-dimensional polymer network structures within 
the PMA (5). Such networks once destroyed or disturbed by shear 
flow can reform with time and impart the capability of self-healing 
to the PMAs (5).
The aim of the study presented in this paper was to investigate the 
enhancement of CRMA performance as a result of the existence of 
a three-dimensional network structure developed through variations 
in the different interaction parameters.
Performance Enhancement of Crumb 
Rubber–Modified Asphalts Through 
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Control of the internal network structure of crumb rubber–modified 
asphalt (CRMA) was investigated for its effect on property development 
in the study presented in this paper. The investigation included evalu-
ation by rheological and interrupted shear tests. Rheological testing 
involved the monitoring of the changes of the produced complex modu-
lus (G*) and phase angle (d) for CRMA. In the interrupted shear tests, 
the shear stress profile for the produced CRMA was investigated. It 
was found that triggering the critical conditions of the combined inter-
action of speed, temperature, and time was essential to inducing the 
formation of the three-dimensional network structure within CRMA. 
Such triggering conditions played an important role in the swelling, 
dissolution, and release of crumb rubber modifier components into 
the asphalt liquid phase. Gel permeation chromatography was used to 
characterize the nature of modifications that led to the occurrence of a 
three-dimensional network structure within the produced CRMA. The 
formation of a three-dimensional network structure for CRMA played 
a major role in the enhancement of its rheological properties in terms 
of its stiffness and elasticity. Superior improvements in the stiffness and 
elasticity indicated improved rutting resistance as well as alleviated 
 permanent deformation problems.
Various studies have been conducted on the effect of crumb rubber 
modifier (CRM) on the rheology of asphalt. Attia and  Abdelrahman 
(1) and Abdelrahman (2) investigated the effect of the inter action 
between asphalt, CRM, and virgin polymer on the  rheological 
properties of the modified binder. The researchers stated that 
depolymerization (of rubber) added more elasticity to the binder, 
because it appeared to have the “largest effect” on the modifica-
tion of the phase angle. On the basis of their work, the material 
exchange between asphalt, CRM, and virgin polymer was respon-
sible for the rate of change in the complex modulus (G*) and the 
phase angle (δ). In addition, the development of a network within 
the binder structure could be anticipated from the value of G* and 
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Materials and experiMental procedures
processing
In the study presented here, one asphalt binder was investigated in 
combination with one type of crumb rubber. The asphalt was a PG 
58-28 on the basis of the Superpave® grading system. The CRM 
was cryogenically processed from a mixed source of scrap tires. The 
CRM particle size was smaller than Mesh No. 30 and larger than 
Mesh No. 40, according to the U.S. standard system.
asphalt–crM interactions
The interactions were conducted in 1-gal cans. A heating mantle 
connected to a bench-type controller with a long temperature probe 
(12 in.) was used to heat the material. A high shear mixer was used 
to mix the binder and crumb rubber. The amount of CRM was con-
trolled at 10% weight of asphalt in all interactions. Interactions 
were conducted for 8 h under a combination of three temperatures 
(160°C, 190°C, and 220°C) and three mixing speeds (10, 30, and 
50 Hz) for each temperature used. Samples were taken at 15, 60, 
120, 240 and 480 min of interaction time and kept at −12°C to avoid 
unwanted reactions. All interactions in this research were carried 
out under a controlled atmosphere of nitrogen gas to prevent any 
oxidation. A specific coding for the samples was adopted, which 
started with the asphalt type, NF, then the CRM percentage, 10%, 
followed by the interaction temperature, interaction speed, and lastly 
the interaction time if required.
characterization
Dynamic Mechanical Analysis
A dynamic shear rheometer was used for the dynamic mechani-
cal analysis of modified asphalt. All tests were conducted at 70°C 
and 10 rad/s. Samples were tested on 25-mm parallel plates with a 
2-mm gap. The use of a 2-mm gap to test CRMA by a dynamic shear 
 rheometer has been reported by various researchers (4, 7, 8).
Interrupted Shear Tests
Interrupted shear flow measurements were performed on the liquid 
phase of CRMA after the removal of the CRM with the use of Mesh 
No. 400. Plate–plate geometry was used in the testing (i.e., plates 
25 mm in diameter with a 1-mm gap). The asphalt samples were 
sheared at a rate of 2 s−1 for 60 s, followed by rest periods of various 
durations (e.g., 30, 900, and 2,400 s) before the shearing resumed at 
the same shear rate for another 60 s. The testing temperature for the 
interrupted shear tests was 58°C.
Gel Permeation Chromatography
Gel permeation chromatography (GPC) equipment with comput-
erized software connected to a differential refractive detector was 
used for chromatographic analysis of the asphalt. A series of two 
columns was used to separate constituents of asphalt binder by 
molecular size. Samples were dissolved into tetrahydrofuran and 
then filtered through a 0.2-µm polytetrafluoroethylene syringe filter 
before injection into the injection module. A sample volume of 
50 µl was injected into a GPC injector for each test.
The area under the curve for a GPC chromatogram represents 
100% of the binder molecules injected into the GPC system (9). 
The asphalt binder constituents are in general classified into several 
groups (10–13). In the current research, the elution started at 12 min 
and ended at 21 min. The GPC chromatogram thus was divided into 
three equal parts: large molecular size (LMS), medium molecular 
size, and small molecular size, which corresponded to 12–15 min, 
15–18 min, and 18–21 min, respectively. The LMS value in the 
quantitative data of the chromatogram was used to characterize the 
binder properties. Research has shown that the LMS components of 
binder have better correlations with asphalt binder properties than 
other components (14–16).
results and discussion
rheological analysis of crMa
Dynamic Mechanical Analysis Results
Figure 1, a and b, illustrates the respective progression of the rheo-
logical parameters, G* and δ, at the different interaction speeds (10, 
30, and 50 Hz) and the interaction temperatures 160°C, 190°C, and 
220°C. As can be seen in the first chart in Figure 1a, higher interac-
tion speeds of 30 and 50 Hz improved the stiffness of CRMA with 
comparable results over the interaction time at an interaction tem-
perature of 160°C. The interaction speed of 10 Hz produced lower 
values for the G*, however, which indicated that the energy input 
(i.e., temperature, speed, and time) was not sufficient to initiate 
interaction between CRM and asphalt. At this combination of low 
mixing speed and temperature, the only governing effect is the par-
ticle effect of swollen CRM within asphalt as a result of the absorp-
tion of light molecular aromatics (17). The first chart in Figure 1b 
shows the same trend for δ at the mixing speed of 10 Hz; the lowest 
reduction in δ is assigned to that speed. Larger reductions in the value 
of δ can be seen for the higher speeds of 30 and 50 Hz as the interaction 
time is increased. This observation indicates that, at the lower inter-
action temperature of 160°C, higher interaction speeds are required 
to initiate the formation of cross linking within the CRMA matrix 
and thus improve its elasticity.
The second charts in Figure 1, a and b, show a different trend for 
the progression of the rheological parameters G* and δ for the inter-
action speeds (10, 30, and 50 Hz) at a constant interaction temperature 
of 190°C, respectively. The second chart in Figure 1a shows a value 
for the G* for interaction speeds of 50 Hz that is superior to that of 
the other two speeds (10 and 30 Hz) during the interaction time. The 
combination of the moderate temperature of 190°C and high mixing 
speed of 50 Hz improved the stiffness of CRMA more than that at the 
other two interaction speeds along the interaction time. The second 
chart in Figure 1b shows a similar trend of δ improvement at the same 
mixing speed (50 Hz) superior to that of the other two speeds used. 
As shown by the behavior of G* and δ over time, the improvement of 
the values of both rheological parameters was associated with higher 
inter action speed. This finding indicates that the combination of 
higher mixing speed with moderate interaction temperature provides 
sufficient energy input to sustain an interaction mechanism between 
CRM and asphalt. The amount of energy input for such a combination 
enables the swelling of CRM by the light aromatic components of 
asphalt at the early stages of interaction and the release of some of the 
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CRM components by depolymerization and devulcanization at later 
interaction stages. However, it does not extend the depolymerization 
and devulcanization processes to the degree that the CRM modifica-
tion effects are lost, which is illustrated later in this paper for the 
50 Hz and 220°C combination. The interaction mechanism between 
CRM and asphalt affects the internal structure of the CRMA pro-
duced. It provides improved cross linking and leads to the formation 
of a three-dimensional network structure within the CRMA matrix 
that increases its stiffness and elasticity, as is proved in the section of 
this paper on interrupted shear flow testing.
The trend of the rheological parameters, G* and δ, for the three 
mixing speeds used (10, 30, and 50 Hz) at the interaction temperature 
of 220°C is shown in the third charts in Figure 1, a and b, respectively.
As can be seen in the third chart in Figure 1a, continuous dete-
rioration of G* is associated with the highest interaction speed of 
50 Hz over the course of the interaction time. This observation can 
be explained in terms of the depolymerization and devulcanization 
effects that dominate the interaction between CRM and asphalt at such 
high interaction energy (temperature and speed) (18, 19). The plateau 
























































































FIGURE 1  Development of rheological parameters of CRM binder that interacted under different interaction speeds 
for (a) G* and (b) d at 1608C, 1908C, and 2208C, respectively.
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and 30 Hz up to 240 min of interaction time. Beyond 240 min of inter-
action time, the values of G* increased for both mixing speeds. The 
30-Hz interaction speeds sample was superior to the 10-Hz sample. 
This finding shows that, for high temperature interactions, moderate 
(30 Hz) to low (10 Hz) mixing speeds minimize the depolymerization 
and devulcanization effects that can lead to the property deterioration 
associated with the high mixing speed (50 Hz) at the same elevated 
temperature (220°C) (18, 19). The third chart in Figure 1b illustrates 
the behavior of δ; continuous property deterioration is dominant for 
the high mixing speed with the increase in interaction time. Similar 
behavior for the δ was achieved, however, at the low (10 Hz) and 
moderate (30 Hz) mixing speeds. As the mixing time increased, the 
value of δ continued to decrease, which indicated improvement of 
the elasticity for CRMA. The enhancements of G* and δ at the low 
and moderate interaction speeds after 240 min of interaction could be 
explained as a result of the release of CRM components in the liquid 
phase of asphalt that initiated the formation of the three-dimensional 
network structure. Such conditions were not as favorable as those for 
the 190°C temperature and 50 Hz speed inter action conditions that 
produced the well-developed three-dimensional network structure, 
which is explained later in this paper.
Statistical Analysis of Dynamic  
Mechanical Analysis Results
Table 1 illustrates the statistical analysis for the G* and δ values 
obtained for the different interactions with the use of a multiple 
linear regression approach. This illustration is manifested through 
the calculation of R2, which represents the coefficient of multiple 
correlation that provides a measure of how well a given dependent 
variable can be predicted with the use of a linear function of a set of 
other independent variables.
As can be seen for G*, the highest R2 value was calculated for the 
interaction temperature 160°C at the three interaction speeds (10, 30, 
and 50 Hz) used in this study. In addition, the speed of 30 Hz produced 
the best model (R2 = .65) when compared with the other two mixing 
speeds (10 and 50 Hz) for the three temperatures (160°C, 190°C, and 
220°C). This model, however, did not reflect the actual G* enhancing 
interaction condition (190°C and 50 Hz). Rather it emphasized the 
conditions that produced a linear model between the interaction speeds 
and temperatures with the outcome values of G*. For the δ values, a 
different conclusion could be drawn for the outcome of the multiple 
linear regression model. On the basis of the δ values for the different 
interaction conditions used, the best model (R2 = .78) was obtained at 
190°C for the different interaction speeds (10, 30, and 50 Hz). Upon 
investigation of the effect of interaction speeds at the different inter-
action temperatures (160°C, 190°C, and 220°C), the best model 
(R2 = .93) was obtained for the lowest speed (10 Hz). This finding 
indicated that, for the δ, the interaction temperature of 190°C (actual 
enhancing condition) provided the best linear model for the results 
obtained. The lowest mixing speed (10 Hz) had a better linear model 
for the data obtained for δ than the actual enhancing speed (50 Hz).
Interrupted Shear Flow Test Results
Figure 2, a, b, and c, illustrates the results obtained from the inter-
rupted shear flow test of the neat sample after 30-, 900-, and 2,400-s 
rest periods, respectively. As can be seen from Figure 2, no occur-
rence of a stress overshoot was recorded, and the shear stress reached 
steady state value immediately, which indicated the lack of a three-
dimensional network structure within its matrix. Similar observations 
were recorded for the neat asphalt in the literature (5). As explained in 
the literature, this type of behavior is attributable to weak associations 
(e.g., bipolar attractions, hydrogen bonding) that are easily  annihilated 
by stress or temperature variations (5).
Figure 3, a, b, and c, illustrates the shear stress response obtained 
from the interrupted shear flow test of the sample  interaction at 160°C 
and 10 Hz for 480 min and for 30-, 900-, and 2,400-s rest periods, 
respectively. As Figure 3 shows, the lack of the three-dimensional 
network structure can be seen for the stress response of the sheared 
sample. This observation accords with the results obtained for the 
G* and δ values, described earlier for this sample.
Figure 4, a and b, illustrates the shear stress response obtained from 
the interrupted shear flow test of the sample interactions at 190°C and 
50 Hz for 60 and 480 min, respectively. The rest periods employed in 
the testing were 30, 900, and 2,400 s. As the three charts in Figure 4a 
indicate, no apparent stress overshoot could be seen for the samples 
tested after 30-, 900-, and 2,400-s intervals, respectively. In the three 
charts in Figure 4b, the existence of the three-dimensional network 
structure is evident from the occurrence of a peak stress overshoot at 
the beginning of the loading time that is almost equal to double the 
steady state stress value. It also can be seen that, with increasing rest 
periods, CRMA achieves its original stress overshoot. As reported in 
the literature, such behavior for the shear stresses in PMA indicates the 
existence of a three-dimensional internal network structure (5, 20). On 
the basis of the results obtained from this study and after their com-
parison with the literature, it was deduced that a three-dimensional 
network structure existed within the liquid phase of CRMA (5). 
Entangled polymeric systems are known to show the same behavior 
as stress overshoots and the recovery of peak magnitudes of stress 
overshoots with time. As explained in the literature, the mixture of 
asphalt with a polymer leads to the swelling of the polymer as a result 
of its absorption of part of the aromatic oily fraction from the asphalt. 
Such a result leads to the reduction in the oils that are responsible for 
the peptizing of asphaltenes, which in turn results in increased binder 
hardness (5). Simultaneously, the swollen polymer strands form 
a three-dimensional, crystalline-like structure that is linked together 
(5, 21–24). In the case of CRMA, the governing parameters that con-
trol the occurrence of the three-dimensional network structure within 
the liquid phase are mainly the interaction parameters manifested in 
the interaction speed,  interaction  temperature, and interaction time. 
TABLE 1  Multiple Linear Regression Analysis Results  








(Hz) Mixing Time (min) R2
G* 160 10, 30, 50 15, 60, 120, 240, 480 .75
190 10, 30, 50 15, 60, 120, 240, 480 .62
220 10, 30, 50 15, 60, 120, 240, 480 .09
160, 190, 220 50 15, 60, 120, 240, 480 .17
160, 190, 220 30 15, 60, 120, 240, 480 .65
160, 190, 220 10 15, 60, 120, 240, 480 .41
δ 160 10, 30, 50 15, 60, 120, 240, 480 .74
190 10, 30, 50 15, 60, 120, 240, 480 .78
220 10, 30, 50 15, 60, 120, 240, 480 .14
160, 190, 220 50 15, 60, 120, 240, 480 .20
160, 190, 220 30 15, 60, 120, 240, 480 .66
160, 190, 220 10 15, 60, 120, 240, 480 .94
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FIGURE 2  Shear stress versus time in as-received asphalt sample subject to shear rate of 2 s21 at (a) 30-s, (b) 900-s, and  
(c) 2,400-s intervals (vs = versus).
Stress Vs time of originally loaded sample
Stress Vs time after 30 s rest time 
Stress Vs time of originally loaded sample
Stress Vs time after 900 s rest time 
Stress Vs time of originally loaded sample 
Stress Vs time after 2400 s rest time
(a) (b)
(c)
FIGURE 3  Shear stress versus time CRMA sample that interacted at 1608C and 10 Hz after 480 min of interaction time subject to shear 
rate of 2 s21 at intervals of (a) 30 s, (b) 900 s, and (c) 2,400 s.
Stress Vs time of originally loaded sample
Stress Vs time after 30 s rest time
Stress Vs time of originally loaded sample 
Stress Vs time after 900 s rest time
Stress Vs time of originally loaded sample 
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A combination of such interaction parameters controls the mecha-
nism of interaction between CRM and asphalt that may or may not 
trigger the formation of the three-dimensional network structure. The 
mechanism of formation of such three-dimensional network structure 
in CRMA, however, needs  further investigation.
GPC Analysis
GPC was used to investigate the triggering effects of the three-
dimensional network structure formation in the samples that showed 
the existence of such networks as well as for those that did not.
Figure 5 illustrates GPC analysis for neat and CRMA samples 
as chromatograms (Figure 5a) and LMS percentage (Figure 5b), at 
interaction speeds of 10, 30, and 50 Hz, respectively. The first chart 
in Figure 5a illustrates the GPC chromatograms for the neat asphalt 
and the CRMA samples at the interaction temperature of 190°C and 
the mixing speed of 10 Hz. The first chart in Figure 5b illustrates 
the LMS percentage increase for the interaction of CRMA at the 
interaction temperature of 190°C and the mixing speed of 10 Hz. 
As illustrated in the first chart in Figure 5a, a slight shift of the chro-
matograms’ profile toward the left was associated with an increase in 
interaction time. The first chart in Figure 5b shows a gradual increase 
in the LMS fractions for CRMA, which started from almost 1.2% at 
the 15-min interaction time and maximized to 3.5% at 8 h of inter-
action time. Similar observations were recorded by other researchers 
(25). The increase of LMS is related to the rubber absorbance of 
low molecular weight aromatics, which leads to an increase in the 
proportion of asphaltenes in the modified asphalt liquid phase (25).
The second chart in Figure 5a illustrates the GPC chromatograms 
for the neat asphalt and the interaction of CRMA at an interaction 
temperature of 190°C and a mixing speed of 30 Hz. The second chart 
in Figure 5b illustrates the corresponding LMS percentage increase. 
As illustrated in the second chart in Figure 5a, a larger shift of the 
Stress Vs time of originally loaded sample
Stress Vs time after 30 s rest time
Stress Vs time of originally loaded sample
Stress Vs time after 900 s rest time
Stress Vs time of originally loaded sample
Stress Vs time after 2400 s rest time
Stress Vs time of originally loaded sample
Stress Vs time after 30 s rest time
Stress Vs time of originally loaded sample
Stress Vs time after 900 s rest time
Stress Vs time of originally loaded sample
Stress Vs time after 2400 s rest time
(a) (b)
FIGURE 4  Shear stress versus time CRMA sample that interacted at 1908C and 50 Hz after (a) 60 min and (b) 480 min of interaction time 
subject to shear rate of 2 s21 at intervals of 30 s, 900 s, and 2,400 s.
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chromatograms’ profile toward the left was associated with the increase 
in interaction time than for the chromatograms of the samples related 
to the interactions at 10 Hz. The second chart in Figure 5b shows a 
gradual increase in the LMS fractions for CRMA, which started from 
almost 1.3% at 15 min of interaction time and maximized to 4% at 8 h 
of interaction time. This finding indicates that the rate of increase in the 
LMS value relates not only to the CRM presence and interaction time 
but also to the increase in the interaction speed. As the interaction speed 
is increased, the rate of rubber absorbance of low molecular weight 
aromatics also increases and leads to an increase in the proportion of 
asphaltenes during the modified asphalt liquid phase (25).
The third chart in Figure 5a shows that the GPC chromatograms for 
the neat asphalt and CRMA interacted at an interaction temperature 
of 190°C and mixing speed of 50 Hz. The third chart in Figure 5b 
illustrates the corresponding LMS percentage increase. As illustrated 
in the third chart of Figure 5a, the largest shift of the chromatograms’ 
profile toward the left could be related to the 50-Hz interaction speed, 
compared with the 10-Hz and 30-Hz chromatograms at the interaction 
times used. The third chart in Figure 5b shows a consistent increase in 
the LMS fractions for CRMA, which started from almost 3.5% at the 
15-min interaction time and maximized to 10.5% at 8 h of interaction 













































































FIGURE 5  GPC analysis of neat and CRMA samples for (a) chromatograms and (b) the LMS percentage at interaction 
speeds of 10, 30, and 50 Hz, respectively (Mv = viscosity average molecular weight).
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the increase in LMS percentage can be attributed to the rubber absor-
bance of low molecular weight aromatics, which leads to an increase 
in the proportion of asphaltenes in the liquid phase of asphalt. How-
ever, the extent of the increase of the LMS in the case of the high speed 
of the 50 Hz cannot be explained in terms of CRM absorbance of low 
molecular weight fractions of asphalt only because of the occurrence 
of other mechanisms at such a high speed, namely, depolymeriza-
tion and devulcanization of CRM (18, 19). It is expected that for the 
high interaction speed samples, CRM particles are partially devulca-
nized and depolymerized in the asphalt, which results in the release 
of CRM components into the liquid phase of asphalt. It is suggested 
that the increase in the LMS for this specific interaction condition is 
due to the association of such released components with the liquid 
phase of asphalt, which results in the formation of the detected three-
dimensional network structure. These results provide evidence of the 
capability of the GPC technique to be used to detect the formation of 
the three-dimensional network structure in the liquid phase of CRMA.
Figure 6 illustrates the comparison between the percentile increases 
in the LMS concentration for the different interaction speeds. A 
unique resemblance was found between the G* behavior and the 
LMS percentage. This finding provides evidence that the LMS por-
tion of the asphalt chromatogram shows a good relation to the rheo-
logical behavior (G*) of the binder. The capability of the GPC to 
detect the existence of a three-dimensional network structure can be 
seen from the apparent difference in the LMS percentage increase 
between the samples that developed the three-dimensional network 
structure and the ones that lacked it. On the basis of the resemblance 
between the G* behavior and LMS percentage increase for the sam-
ples with a three-dimensional network structure in their liquid phase, 
the use of both techniques could be employed to verify the existence 
of such a network structure. The existence of the three-dimensional 
network structure in the liquid phase of CRMA provides superior 
enhancements in CRMA performance, which indicates that GPC 
can be considered an efficient technique that directly relates CRMA 
property enhancement (G* development) to its internal structure.
conclusions
In this research, the existence of a three-dimensional network structure 
in the liquid phase of CRMA was verified. The formation of a three-
dimensional network structure in the CRMA plays a major role in the 
enhancement of its rheological properties in terms of its stiffness and 
elasticity. Enhancements in CRMA stiffness and elasticity improve 
rutting resistance and alleviate permanent deformation problems. GPC 
was found to be an efficient approach that could directly relate CRMA 
property enhancement (G* development) to its internal structure. GPC 
and rheological testing can be employed to verify the existence of the 
three-dimensional network structure in the liquid phase of CRMA. 
The existence of three-dimensional network structure within the liq-
uid phase of CRMA has been proved to depend on the inter action 
parameters involved in the synthesis of the modified binder. The com-
bination of moderate interaction temperature (190°C) and high inter-
action speed (50 Hz) was found to trigger, initiate, and sustain the 
formation of the three-dimensional network structure within CRMA. 
A lower interaction temperature (160°C) was not sufficient to trigger 
the formation of the three-dimensional network structure even at a 
mixing speed of 50 Hz. A higher interaction temperature of 220°C 
led to depolymerization and devulcanization as the governing process, 
which deteriorated the modified binder rheological properties.
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